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Spin transfer torques allow for electrical manipulation of magnetization at room 
temperature, which is utilized to build future electronic devices such as spin transfer 
torque memories. Recent experiments have discovered that the combination of the spin 
transfer torque with the spin Hall effect enables more efficient manipulation. A versatile 
control mechanism of such spin-orbit torques is beneficial to envision device applications 
with competitive advantages over the existing schemes. Here we report that the oxidation 
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manipulation of spin-orbit torque devices triggers a new mechanism, and the resulting 
torques are estimated to be about two times stronger than that of the spin Hall effect. Our 
result introduces an entirely new way to engineer the spin-orbit torques for device 
operation via oxygen manipulation. Combined with electrical gating for the control of the 
oxygen content, our finding may also pave the way for towards reconfigurable logic devices.  
 
Controlling the magnetization direction via interaction between spins and charges is 
crucial for spintronic memory and logic devices1-4. Conventional magnetization switching using 
current-induced spin transfer torques (STTs) requires a spin polarizer in a spin valve structure5,6. 
Recently, the combination of STTs with the spin Hall effect has led to a new type of torque, 
namely spin-orbit torques (SOTs). In magnetic bilayers, where an ultrathin ferromagnetic (FM) 
layer is in contact with a heavy metal (HM) layer, SOTs allow the manipulation of the 
magnetization by an in-plane current7-12. SOTs enable low power magnetization switching7,8, fast 
domain wall motion9,13,14, and tunable nano-oscillators11,12.  The high stability, simplicity, and 
scalability of the scheme make it attractive for next-generation spintronic devices8,15. Therefore, 
further control of the magnitude and even sign of the SOTs is beneficial to fully utilize the 
envisioned SOT devices. 
So far, the scope in the experimental studies of SOT has been limited either to the HM 
material replacement8,14,16 using Pt, Ta, and W, or to the thickness variation17-19 of the HM or FM 
layer. The replacement of Pt by Ta reverses the sign of the SOTs8,14, which is attributed to the 
opposite signs of the spin Hall angle in these two materials. The sign change of the SOTs is 
suggested as a reason for the opposite directions of the current-driven domain wall motion in Pt-
based and Ta-based nanowires14. As the SOTs can possibly be altered via interface engineering, 
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especially at the HM/FM interface, we examine the oxygen bonding effect on SOTs in 
Pt/CoFeB/MgO/SiO2. Since the Pt layer, which is the source of the bulk spin Hall effect, is 
hardly affected by oxygen in our experiment, any change of the measured SOTs due to oxygen 
bonding should be attributed to a different mechanism arising from either the CoFeB layer or the 
Pt/CoFeB interface. We find that as the oxygen bonding level increases, not only a magnitude 
change but also a full sign reversal of SOTs occur. While the magnitude change can be explained 
within the bulk spin Hall model, the full sign reversal goes beyond the bulk spin Hall effect and 
evidences a new SOT mechanism. We estimate that the new mechanism in our sample can be 
two times stronger than the bulk spin Hall mechanism, resulting in greater tunability of SOTs 
compared with the bulk spin Hall effect proposed previously. 
Since MgO is hygroscopic20, the oxygen bonding level can be controlled by the thickness 
of the SiO2 capping layer. The sputter-deposited film structure of Pt/CoFeB/MgO/SiO2 is shown 
in Fig. 1a, in which the thickness t of the SiO2 layer is varied from 0 to 5 nm. A scanning 
electron micrograph (SEM) image of the patterned Hall bar is shown in Fig. 1b. We find that t 
variation alters SOTs considerably. Figure 1c shows the anomalous Hall resistance (RH) of the 
device as a function of the in-plane current (I) applied to the device. In addition to the current, a 
small constant magnetic field of 400 Oe is applied along the current direction to break the 
symmetry7,8 of the device and allow for selective magnetization switching by the in-plane current. 
Since RH probes the average z-component of the CoFeB magnetization, the hysteretic switching 
of RH confirms that the current-induced SOTs indeed switch the magnetization. Interestingly the 
switching sequence, marked by arrows, is clockwise for t > 1.5 nm but counterclockwise for t  
1.5 nm, for which we expect significant oxygen bonding. Only the switching sequence for large t 
(low oxygen level) is consistent with the previously reported switching sequence for 
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Pt/Co/AlOx7,21 and Pt/CoFe/MgO14. Thus, the switching sequence for small t is abnormal. The 
current-induced Oersted field cannot explain the sequence reversal. The sequence reversal is not 
due to the sign reversal of the relation between RH and the z-component of the magnetization 
either, since the purely magnetic-field driven magnetization switching (see Supplementary 
Information) does not exhibit the switching sequence reversal with t. The inset of Fig. 1e shows 
IS, which is defined as the current at which RH changes from positive to negative. Note the sign 
change of IS around t = 1.5 nm. Figure 1e shows the switching current IS divided by the 
anisotropy field Han as a function of t. Note that the ratio maintains roughly the same magnitude 
before and after the sign reversal point. Since the ratio (IS/Han) provides a rough magnitude 
estimation for SOTs15,21, it implies that SOTs remain strong even after the sign reversal, which is 
in contrast to weak sign reversal in a previous study18. Thus the contribution of the new SOT 
mechanism, which is triggered by the oxygen bonding, should be about two times larger than the 
bulk spin Hall contribution and of opposite sign. 
For an independent test of SOT sign reversal, we perform lock-in technique measurements 
of SOTs18,22. We apply a small amplitude sinusoidal ac current with a frequency of 613.7 Hz to 
exert periodic SOTs on the magnetization, so that the induced magnetization oscillation around 
the equilibrium direction generates the second harmonic signal V2ω. Depending on the 
measurement geometry, the damping-like SOT or field-like SOT, which are two mutually 
orthogonal vector components of SOTs, are measured18,23. As current induced magnetization 
switching is driven mainly by the damping-like SOT7,8,21, we present here the result for the 
damping-like SOT, which can be probed by applying an external dc magnetic field H along the 
current direction (with 1 degree tilting angle from the film plane) to tilt the equilibrium 
magnetization direction accordingly. The result for the field-like SOT is presented in the 
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Supplementary Information, and also shows a sign reversal like the damping-like torque, as 
described below. Asymmetric 2V   loops have been observed as shown in Fig. 1d. For t = 0 and 
1.2 nm, there is a dip at a positive field and a peak at a negative field, whereas an opposite 
behavior is observed in the cases of t = 2.1 and 3 nm. Opposite polarities in 2V   indicate that the 
damping-like SOT is pointing in opposite directions for the thinner and the thicker cases, 
confirming the conclusion drawn from the switching sequence in Fig. 1c. When t = 1.5 nm, the 
2V   signal for positive field contains both a peak and a dip, which may indicate the coexistence 
of regions with opposite damping-like SOT directions. The peak or dip values ( 2 maxV  ) at 
positive magnetic fields are summarized in Fig. 1f for various t. The peak and dip heights are 
comparable, indicating the full sign reversal of damping-like SOT in agreement with Fig. 1e. 
In order to verify that oxygen indeed penetrates the magnetic bilayer when t is small, we 
have carried out four independent experimental studies, such as secondary ion mass spectroscopy 
(SIMS), X-ray magnetic circular dichroism (XMCD), X-ray absorption spectra (XAS), and X-
ray photoelectron spectroscopy (XPS). Figure 2a provides the oxygen depth profile obtained by 
SIMS for the two devices with t = 0 and 2 nm. The depth profile for t = 0 nm shows a 
significantly enhanced oxygen level in the CoFeB layer compared to that for t = 2 nm, 
confirming excess oxygen for small t. On the other hand, the two depth profiles are almost 
identical in the Pt layer. The Pt 4f XPS spectra in Fig. 2b also prove that the oxygen penetration 
through the thin SiO2 capping layer has not affected the Pt layer, which is natural since Pt has an 
excellent resistance to oxidation. XMCD probes, on the other hand, magnetic properties of 
specific elements24. Both the Co (Fig. 2c) and Fe (Fig. 2d) L3,2 edge signals are much weaker for 
t = 0 nm than for t = 3 nm. Since the oxidation of the magnetic elements reduces their magnetic 
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moments, the XMCD result is consistent with the oxidation of the FM layer for small t. The XAS 
data in Fig. 2e,f indicate the excess oxygen bonding to Fe rather than Co in the case of t = 0.25  
Although all data so far are consistent with the oxidation of devices, we cannot yet rule 
out effects of other t-dependent properties such as lattice tension relaxation. To rule out such 
possibilities, we change the oxygen level without changing t. We achieve this by varying 
temperature or vacuum level. For this purpose, we focus on a single sample with the critical 
thickness t = 1.5 nm. At normal vacuum level (8 Torr), the current-induced switching sequence 
shows a normal clockwise behavior at low temperature (10 K) but reverses to abnormal anti-
clockwise behavior at high temperature (200 K) as shown in Fig. 3a. Since the anomalous Hall 
and the planar Hall effects do not change sign with temperature (see Supplementary Information), 
the switching sequence reversal implies the temperature-induced sign reversal of the damping-
like SOT. Since a lower (higher) oxygen level is expected at lower (higher) temperature, the 
abnormal switching sequence at higher temperature is consistent with the oxygen bonding effect. 
The complex shape of the switching sequence at intermediate temperature is not clearly 
understood but it may be connected with the origin of the unusual V2 line shape (Fig. 1d) near 
the SOT reversal point. 
Another test is the vacuum level dependence shown in Fig. 3. When the same experiment 
is performed at higher vacuum (~10-5 Torr) in Fig. 3b, the switching sequence reversal from 
normal clockwise to abnormal anti-clockwise direction is systematically deferred to higher 
temperatures. Since a higher vacuum level is expected to suppress the oxygen level within the 
sample, this experimental data also support the oxygen bonding effect on SOT.  
We now discuss mechanisms of SOTs. The bulk spin Hall effect8 in the HM layer is an 
important mechanism for SOTs. According to the spin Hall theory of SOTs14,21, the sign of the 
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damping-like SOT is determined by the bulk spin Hall angle of the HM layer. This theory is thus 
inadequate to explain the oxygen-induced sign reversal of the damping-like SOT, since the HM 
layer is not affected by oxidation. Thus, our data necessitate an additional or new mechanism of 
SOTs arising from either the FM layer or the HM/FM interface. These two possibilities are hard 
to distinguish in our experiment, since the CoFeB FM layer is only 0.8 nm thick. One possible 
mechanism is the interfacial spin-orbit coupling26-30 contribution to the damping-like SOT. The 
Rashba-like interfacial spin-orbit coupling28,31 arises from the inversion asymmetry at the 
HM/FM interface, and it is plausible that oxygen may strengthen the asymmetry and thereby 
enhances the interfacial coupling strength as exemplified by the enhanced Rashba coupling at the 
magnetic Gd surface due to oxidation32. It was recently suggested33 that the Berry phase effect 
makes the interfacial spin-orbit coupling contribution to the damping-like torque much larger 
than previous theories26-30 predicted. Combined with the possible enhancement of the structural 
inversion asymmetry at the interface due to oxidation, this provides a possible explanation of our 
experimental results. Another possible mechanism is the interplay of the bulk spin Hall effect 
and the electronic structure of the FM layer through oxygen. A recent first principles 
calculation34 compares the damping-like SOT in Pt/Co bilayer and Pt/Co/O trilayer, and finds 
that the spin Hall contribution to the damping-like SOT may vary considerably, when a FM layer 
is in contact with an oxygen layer as in Pt/Co/O. When oxygen atoms penetrate into a FM layer 
as in our experiment, the effect of oxygen may be stronger, providing another explanation for our 
experiment.  
In order to further elucidate the effect of oxygen, we have measured the channel 
resistance and the Hall resistance as a function of temperature. In our experimental setup, the 
channel resistance represents mostly the property of the Pt layer, since the other metal layer 
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(CoFeB) is only 0.8 nm thick and the resistivity of CoFeB is higher than that of Pt. Figure 4 
shows that the temperature dependence of the channel resistance is similar regardless of t, 
suggesting no noticeable change in Pt. On the other hand, the anomalous Hall resistance probes 
mainly the CoFeB layer, since non-magnetic layers cannot contribute to the anomalous Hall 
effect. Even when Pt acquires induced magnetic moment13 due to the proximity effect with 
CoFeB, its contribution to the anomalous Hall effect is weaker than that of CoFeB, since the 
proximity-induced magnetism is weaker than the magnetism of CoFeB. Note that the 
temperature dependence of the anomalous Hall effect shows two distinct behaviors depending on 
t. When t  1.5 nm, the anomalous Hall resistance decreases with increasing temperature. In 
contrast, the anomalous Hall resistance shows a nonmonotonic behavior with temperature for t > 
1.5 nm. Although it is difficult to deduce a main mechanism of this t-dependent dramatic change 
because of the relatively narrow range of Hall resistance variation, these data indicate that FM 
layers for thinner and thicker samples are qualitatively different, consistent with the oxidation of 
the FM in samples with thinner SiO2 capping. 
Our result reveals that oxygen bonding to the FM activates another SOT mechanism, 
which arises from either the FM layer or the HM/FM interface. The oxygen bonding related 
mechanism may be combined with the spin Hall mechanism to design and control the switching 
direction due to SOTs, as well as enhance the efficiency for device applications. It may also be 
relevant for recent experimental controversies. The recent data from various groups show 
controversial results. Our result indicates that even for exactly the same layer structure, very 
different SOTs can be obtained depending on the details of the device preparation procedures, 
which may affect oxygen content in the sample. This provides a new way to investigate SOTs 
and paves the way for ionic engineering of SOTs, since the property of the materials can be 
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modified during the sample growth or treatment in different environments. Two recent 
experiments35,36 demonstrated that the degree of oxygen bonding can be electrically controlled 
via gating. A combination with this gating may augment the functionalities of SOT devices to 
allow, for instance, reconfigurable logic operation.  
 
Methods 
The stacked films of thermally oxidized Si substrate/MgO (2)/Pt (2)/Co60Fe20B20 (0.8)/MgO 
(2)/SiO2 (t) (numbers are nominal thicknesses in nanometers) with various SiO2 capping 
thicknesses (t = 0 ~ 5) were deposited by magnetron sputtering with a base pressure < 2 × 10-9 
Torr at room temperature as shown in Fig. 1a. The bottom MgO layer is used to promote 
perpendicular anisotropy. After deposition, the films were post-annealed at 300 C for 1 hour in a 
vacuum to obtain perpendicular anisotropy. The multilayers were coated with a ma-N 2401 
negative e-beam resist and patterned into 600 nm width Hall bars by electron beam lithography 
and Ar ion milling as shown in Fig. 1b. PG remover and acetone were used to lift-off the e-beam 
resist. Contact pads were defined by photolithography followed by the deposition of Ta (5 
nm)/Cu (150 nm)/Ru (5 nm) which are connected to the Hall bars. Before the deposition of 
contact pads, Ar ion milling was employed to remove the SiO2 and partial MgO layers to make 
low-resistance electric contacts. All the devices were processed at the same time to ensure the 
same fabrication processes, which is important for this study. Devices were wire-bonded to the 
sample holder and installed in a physical property measurement system (Quantum Design). 
  We performed the measurements of current induced switching and the second harmonic 
anomalous Hall voltage loops at 200 K for the data set in Fig. 1, at which all the devices with 
different SiO2 capping thicknesses retain desirable perpendicular anisotropy (Supplementary 
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Information). A combination of Keithley 6221 and 2182A is used to apply a pulsed DC current 
of a duration of 50 μs to the nanowires and measure the Hall voltage, simultaneously. The pulsed 
DC current with an interval of 0.1 s is used to eliminate the accumulated Joule heating effect.
11 
 
References  
1  Wolf, S. A. et al. Spintronics: A spin‐based electronics vision for the future. Science 294, 1488‐
1495 (2001). 
2  Brataas, A., Kent, A. D. & Ohno, H. Current‐induced torques in magnetic materials. Nat. Mater. 
11, 372‐381 (2012). 
3  Zutic, I., Fabian, J. & Das Sarma, S. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 
76, 323‐410 (2004). 
4  Awschalom, D. D. & Flatte, M. E. Challenges for semiconductor spintronics. Nat. Phys. 3, 153‐159 
(2007). 
5  Katine, J. A., Albert, F. J., Buhrman, R. A., Myers, E. B. & Ralph, D. C. Current‐Driven 
Magnetization Reversal and Spin‐Wave Excitations in Co /Cu /Co Pillars. Phys. Rev. Lett. 84, 3149 
(2000). 
6  Ralph, D. C. & Stiles, M. D. Spin transfer torques. J. Magn. Magn. Mater. 320, 1190‐1216 (2008). 
7  Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer induced by in‐plane 
current injection. Nature 476, 189‐193 (2011). 
8  Liu, L. Q. et al. Spin‐Torque Switching with the Giant Spin Hall Effect of Tantalum. Science 336, 
555‐558 (2012). 
9  Miron, I. M. et al. Fast current‐induced domain‐wall motion controlled by the Rashba effect. Nat. 
Mater. 10, 419‐423 (2011). 
10  Miron, I. M. et al. Current‐driven spin torque induced by the Rashba effect in a ferromagnetic 
metal layer. Nat. Mater. 9, 230‐234 (2010). 
11  Liu, L. Q., Pai, C. F., Ralph, D. C. & Buhrman, R. A. Magnetic Oscillations Driven by the Spin Hall 
Effect in 3‐Terminal Magnetic Tunnel Junction Devices. Phys. Rev. Lett. 109, 186602 (2012). 
12  Demidov, V. E. et al. Magnetic nano‐oscillator driven by pure spin current. Nat. Mater. 11, 1028‐
1031 (2012). 
13  Ryu, K.‐S., Thomas, L., Yang, S.‐H. & Parkin, S. Chiral spin torque at magnetic domain walls. Nat. 
Nanotechnol. 8, 527‐533 (2013). 
14  Emori, S., Bauer, U., Ahn, S. M., Martinez, E. & Beach, G. S. Current‐driven dynamics of chiral 
ferromagnetic domain walls. Nat. Mater. 12, 611‐616 (2013). 
15  Lee, K.‐S., Lee, S.‐W., Min, B.‐C. & Lee, K.‐J. Threshold current for switching of a perpendicular 
magnetic layer induced by spin Hall effect. Appl. Phys. Lett. 102, 112410‐112415 (2013). 
16  Pai, C.‐F. et al. Spin transfer torque devices utilizing the giant spin Hall effect of tungsten. Appl. 
Phys. Lett. 101, 122404 (2012). 
17  Suzuki, T. et al. Current‐induced effective field in perpendicularly magnetized Ta/CoFeB/MgO 
wire. Appl. Phys. Lett. 98, 142505 (2011). 
18  Kim, J. et al. Layer thickness dependence of the current‐induced effective field vector in 
Ta|CoFeB|MgO. Nat. Mater. 12, 240‐245 (2013). 
19  Fan, X. et al. Observation of the nonlocal spin‐orbital effective field. Nat. Commun. 4, 1799 
(2013). 
20  Kozina, X. et al. A nondestructive analysis of the B diffusion in Ta‐CoFeB‐MgO‐CoFeB‐Ta 
magnetic tunnel junctions by hard x‐ray photoemission. Appl. Phys. Lett. 96, 072105 (2010). 
21  Liu, L. Q., Lee, O. J., Gudmundsen, T. J., Ralph, D. C. & Buhrman, R. A. Current‐Induced Switching 
of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect. 
Phys. Rev. Lett. 109, 096602 (2012). 
22  Pi, U. H. et al. Tilting of the spin orientation induced by Rashba effect in ferromagnetic metal 
layer. Appl. Phys. Lett. 97, 162507 (2010). 
12 
 
23  Garello, K. et al. Symmetry and magnitude of spin‐orbit torques in ferromagnetic 
heterostructures. Nat. Nanotechnol. 8, 587 (2013). 
24  Chen, C. T. et al. Experimental Confirmation of the X‐Ray Magnetic Circular Dichroism Sum Rules 
for Iron and Cobalt. Phys. Rev. Lett. 75, 152‐155 (1995). 
25  de Groot, F. M. F. et al. Oxygen 1s x‐ray‐absorption edges of transition‐metal oxides. Phys. Rev. 
B 40, 5715‐5723 (1989). 
26  Pesin, D. A. & MacDonald, A. H. Quantum kinetic theory of current‐induced torques in Rashba 
ferromagnets. Phys. Rev. B 86, 014416 (2012). 
27  Wang, X. H. & Manchon, A. Diffusive Spin Dynamics in Ferromagnetic Thin Films with a Rashba 
Interaction. Phys. Rev. Lett. 108, 117201 (2012). 
28  Haney, P. M. & Stiles, M. D. Current‐Induced Torques in the Presence of Spin‐Orbit Coupling. 
Phys. Rev. Lett. 105, 126602 (2010). 
29  Kim, K.‐W., Seo, S.‐M., Ryu, J., Lee, K.‐J. & Lee, H.‐W. Magnetization dynamics induced by in‐
plane currents in ultrathin magnetic nanostructures with Rashba spin‐orbit coupling. Phys. Rev. 
B 85, 180404 (2012). 
30  van der Bijl, E. & Duine, R. A. Current‐induced torques in textured Rashba ferromagnets. Phys. 
Rev. B 86, 094406 (2012). 
31  Park, J.‐H., Kim, C. H., Lee, H.‐W. & Han, J. H. Orbital chirality and Rashba interaction in magnetic 
bands. Phys. Rev. B 87, 041301 (2013). 
32  Krupin, O. et al. Rashba effect at magnetic metal surfaces. Phys. Rev. B 71, 201403 (2005). 
33  H. Kurebayashi et al. Observation of a Berry phase anti‐damping spin‐orbit torque. 
http://arxiv.org/abs/1306.1893. 
34  Freimuth, F., Blugel, S. & Mokrousov, Y. Spin‐orbit torques in Pt/Co films from first principles. 
http://arXiv.org/abs/1305.4873. 
35  Jeong, J. et al. Suppression of Metal‐Insulator Transition in VO2 by Electric Field–Induced 
Oxygen Vacancy Formation. Science 339, 1402‐1405 (2013). 
36  Bauer, U., Emori, S. & Beach, G. S. Voltage‐controlled domain wall traps in ferromagnetic 
nanowires. Nat. Nanotechnol. 8, 411‐416 (2013). 
 
Acknowledgments 
This work was supported by the Singapore NRF CRP Award No. NRF-CRP 4-2008-06. K.L. 
acknowledges financial support by the NRF (NRF-2013R1A2A2A01013188). 
Author contributions 
H.Y. and X.Q. planned the study. X.Q. and K.N. fabricated devices. X.Q. measured transport 
properties. Y.W. helped characterization. A.R. and X.Y. carried out x-ray measurements. All 
authors discussed the results. X.Q., K.L., H.L., and H.Y. wrote the manuscript. H.Y. supervised 
the project.  
13 
 
Figure captions 
Fig. 1. Device structure and effect of capping layer. a, Film structure of the multilayers. b, 
Scanning electron micrograph of the device. c, RH as a function of pulsed currents for different t 
at 200 K. t is indicated in each graph. A fixed 400 Oe magnetic field is applied along the positive 
current direction. The width of pulsed currents is 50 μs, and RH is measured after a 16 μs delay. d, 
Second harmonic anomalous Hall voltage V2ω as a function of magnetic field (H). H is applied 
along the current direction with a tile of 1° away from the film plane. e, Switching current IS 
(defined as the switching current from a high to low RH) divided by anisotropy field Han as a 
function of t. The inset shows IS. f, The peak (dip) value of second harmonic loops 2 maxV   at 
positive magnetic fields with different t. 
Fig. 2. SIMS, XPS, XMCD, and XAS characterization. a, SIMS depth profiles of oxygen for 
the films without (t = 0 nm) and with (t = 2 nm) SiO2 capping. Expected layers with the etching 
depth are written on the bottom of the graph. b, XPS spectra of Pt for the films without (t = 0 nm) 
and with (t = 2 nm) SiO2 capping. c,d, XMCD of Co (c) and Fe (d) without (t = 0 nm) and with 
(t = 3 nm) SiO2 capping. e,f, XAS of Co (e) and Fe (f) without (t = 0 nm) and with (t = 3 nm) 
SiO2 capping. 
Fig. 3. Temperature and vacuum effect on current-induced switching. Current-induced 
switching at different temperatures for the device with the critical thickness, t = 1.5 nm under 
normal (a: 8 Torr) and high vacuum (b: ~10-5 Torr) conditions. 
Fig. 4. Temperature dependence of Rchannel and RH for the devices with different t. 
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